Geometrical optimization of an acoustic thermal flow sensor by Honschoten, J.W. van et al.
Geometrical optimization of an acoustic thermal flow sensor 
 
J.W.van Honschoten1, P.Ekkels, G.J.M. Krijnen and M.C. Elwenspoek1 
 
1Transducers Technology Group, University of Twente, P.O. 217, 7500 AE Enschede, the Netherlands 
email: j.w.vanhonschoten@el.utwente.nl  
 
Summary:  In this paper a thermal acoustic flow sensor that measures particle velocity (the ‘Microflown’) is 
analyzed. A model is developed that calculates the sensor sensitivity and its frequency dependent behavior, as a 
function of material parameters and device geometry. Consequently, improved devices could be fabricated, 
with a new geometry consisting of three wires of which the central wire is at the highest temperature. These are 
the best performing sensors up to date with a frequency range attending over 5 kHz and signal-to-noise ratios 
improved by 10 dB to more than 20 dB over previous designs. 
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1 Introduction 
The Microflown is a micromachined acoustic 
sensor that measures particle velocity instead of 
sound pressure, which is usually measured by con-
ventional microphones [2, 3, 4]. Originally a flow 
sensor [1], it is optimized for sound measurements.  
The sensor usually consists of two closely spaced 
thin wires of 1500 µm (spacing 100-350 µm) of 
silicon nitride with an electrically conducting 
platinum pattern. This platinum acts as temperature 
sensor and as heater. The wires are electrically 
heated to about 600 K. When subject to a particle 
velocity, the temperature distribution around the 
resistors is asymmetrically altered. The temperature 
difference, and therefore the temperature dependent 
resistance difference, of the two sensor wires is in 
first order proportional to the particle velocity.  
This paper presents an analytic model describing 
the physical processes that govern the behavior of 
the sensor and determine its sensitivity. The 
description is based on former theory [5, 6] but 
since now a numerical model is developed instead 
of explicit analytic expressions, several 
assumptions and restrictions can be dropped. This 
model can thus be implemented in a software 
program. Model calculations can be performed 
numerically and allow optimization of the sensor by 
an investigation of the effect of different geometric 
and material parameters. The results of the theoretic 
model will be compared with measured responses 
and a very promising three-wire design is 
presented. 
2 Sensor optimization 
In the approach towards an optimization of the 
sensitivity of the sensor, i.e. the output signal due to 
a given (acoustic) flow, the first step is to obtain an 
expression for the sensor sensitivity containing the 
dimensions and geometrical parameters of the 
device. 
 
Fig. 1 SEM-photo of a two-wire type Microflown (wire 
lengths 1 mm) 
 
The basic equation is the heat diffusion equation for 
the temperature T in the channel of the flow sensor, 
with the heated wires as heat sources Q, a term 
related to the thermal conduction in the fluid, and a 
convection term with the fluid velocity v. Including 
the time dependence, also a term with the thermal 
mass of the fluid and the time derivative of T 
occurs. The sensor wires are modeled as long thin 
beams of finite length, finite width and thickness. 
The problem is therefore fully three-dimensional.  
From this heat equation the temperature of both 
wires can be deduced as a function of, among other 
parameters, the velocity v. The temperature 
difference between the wires thus quantifies the 
output signal. The next step is to take into account 
the heat capacities of the wires, which lead to an 
extra term in the heat diffusion equation. In the 
expression for the output signal, the influence of 
these heat capacities appears as an additional 
frequency dependence. From the obtained 
expansion in harmonics of the temperature 
difference of the wires, the sensitivity can be 
expressed as a double series, so that a numerical 
program can be written to calculate the response 
signal of several geometrically different devices. 
Parameters such as the channel depth (lz), the wire 
length (ly), their mutual distance (2a), and the 
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dissipated power (P) are taken into account in this 
model, and a three-wire configuration is considered 
as well. The extended analysis will be published in 
literature, but the finally obtained expression for the 
temperature difference of the wires (to which the 
output response is proportional) is found as a 
function dependent on, among others, the 
normalized values 1,ξf and the value P/ly, Here 
1,/ cfff = with fc,1 the characteristic frequency 
fc,1=D/2πa2 [5, 6], ξ1 the ratio of the mutual wire 
distance a and the channel depth lz: ξ1=a/lz, and D 
the thermal diffusion coefficient of the fluid. The 
values lz and ly are characteristic lengths; the script 
evaluated explicitly the temperature and its 
correction as expansions in harmonics with 
eigenfunctions in two dimensions, y and z, and the 
appropriate boundary conditions at z=lz and y= ly. 
Examples of sensitivity curves are seen in Fig.3. 
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Fig. 2 The model geometry of the sensor. 
3 Modeling results 
Considering the relevant mutually independent 
variables in the obtained expression for the 
sensitivity, we varied subsequently (and 
independently) a/lz, P/ly and lz/ly. In this approach 
other parameters as material parameters and fluid 
properties are not taken into account, since these 
are not geometry dependent. 
Keeping the power per unit length, P/ly constant, 
the sensitivity as a function of frequency was 
calculated. For given etch depth lz, it is seen that 
there is an optimum value for a, for which the low-
frequency sensitivity S(f↓0), this is the intersection 
of the sensitivity curve with the vertical axis, is 
maximal. Besides, the value of a determines the 
first characteristic frequency. For frequencies 
f>>fc,1, the function has a slope of –1 when 
logarithmically plotted.  Both effects of a on the 
frequency curve are illustrated by Fig.3, in which 
sensitivity curves as a function of frequency are 
plotted for different values of a. To find the value 
of the ratio a/lz for which S(f↓0) is maximal, the 
obtained expression for the sensor sensitivity 
should be optimized for a/lz . It can be seen that this 
value is independent of ly, and the optimal ratio was 
calculated to be approximately (a/lz)opt ≈ 0.3. In 
Fig.4 the calculated low-frequency sensitivity as a 
function of this quotient a/lz is plotted. 
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Fig. 3 Numerically calculated sensitivity according to the 
model, for varying mutual wire distance 2a. (lz=200 µm, 
ly=500 µm; P =45 mW, R0=2.0 kΩ.) As a increases, the 
characteristic frequency is seen to decrease. 
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Fig. 4 Low-frequency sensitivity S(f↓0) as a function of 
the ratio a/lz (line represents the calculations). The 
crosses show experimentally obtained results, from 
devices with lz=120 and 240 µm; 2a=50, 80, 100, 200, 
300 µm. 
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Fig. 5  S(f↓0) as a function of the ratio lz/ly (line:model). 
The marks indicate experimentally obtained results from 
devices with ly=500 µm; lz=40, 80, 120, 240 or 300 µm 
and 2a=80, 100, 200 or 300µm. 
 
Next, the influence of the ratio lz/ly on the low 
frequency sensitivity was investigated. As is seen in 
Fig. 5, for ratios lz/ly above approximately 0.6, the 
sensitivity does not increase significantly. From 
Fig. 4 is thus concluded that for given lz, an 
optimum value for a exists, but it is seen from the 
calculations that for given a, the sensitivity S(f↓0) 
monotonously increases with lz up to lz=ly. 
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4 Experimental 
To compare the theoretically and the numerically 
obtained results to the sensitivity curve of the 
sensor for different geometries, several devices 
with varying etch depth, mutual wire distance and 
number of wires (two or three) were designed. 
Since the power to be dissipated could be varied as 
well by adjusting the voltage of the different wires, 
many different combinations became possible.  
The etch depth lz of the two-wire sensors was 
chosen to be 40, 80, 120, 240 and 300 µm, while 
the mutual wire distance (=2a) was chosen 50, 80, 
100, 200 and 300 µm. Additionally several three-
wire sensors were designed, consisting of two 
sensor wires with a resistance RS=3.97 kΩ and a 
heater wire, RH=261 Ω at room temperature. The 
distance between the sensor wires (2a) was set to be 
100, 200 and 300 µm. 
The different sensors were characterized in a 
‘standing wave tube’ [2, 7] with a reference 
microphone in it. From the thus obtained sensitivity 
curves the low-frequency sensitivity, the output in 
mV/Pa for f↓0, could be determined. The sensitivity 
function is characterized by two main parameters: 
its low-frequency value S(f↓0), and the 
characteristic frequency fc  [5, 6]. 
First we considered the low-frequency output S(f↓0) 
of the two-wire sensors as a function dependent on 
the mutual wire distance and etch depth. All 
combinations of a and lz were investigated. The 
summary of these results led to the measurement 
points indicated in Fig. 4 and 5. In Fig. 4 the ratio 
of a and lz is plotted for a series of measurements 
with lz=240 µm and a wire length ly=500 µm. For 
comparison to the model curve, also shown, only 
the multiplication factor in the vertical scale is 
freely chosen; it is chosen once for all situations. 
The increase of S(f↓0) with lz for all a, at constant 
power P=55 mW, is seen in Fig. 5. 
Second, the mutual wire distance a is directly of 
influence on the characteristic frequency of the 
sensitivity curve S(f). A decrease of a increases the 
bandwidth of this function. The experimentally 
determined sensitivity curves were fitted by two 
first-order low pass filters. The corner frequency fc 
corresponding to the first low pass filter is a 
characteristic frequency for S(f). The result of a 
series of measurements on a number of sensors with 
lz=240 µm and varying a, is shown in Fig. 6. It 
shows the dependence of fc on a on a double 
logarithmic scale. According to the model, fc∝ a-2, 
which is represented by the line. It is seen that the 
experimentally determined corner frequencies do 
not fully correspond to the theoretical curve, 
although the trend is similar. Besides, fitting the 
experimentally determined sensitivity functions by 
first-order low pass functions is subject to errors. 
From these results and the figures 3, 4 and 5, it is 
concluded that the low-frequency sensitivity has an 
optimum for a ratio of a and lz as a ≈ 0.3 lz. Since 
the signal also increases with lz, up to ly= lz, the etch 
depth lz should be chosen as lz/ ly ≈ 0.5 to 1.  
With respect to the characteristic frequency 
however, a should be chosen as small as possible to 
obtain a broad frequency bandwidth. 
Since the output signal increases with the voltage 
per unit length, a high power dissipation in the 
wires is favourable. However, at too high powers, 
the wire cannot stand the high temperature. Usually 
the wire temperature should not surpass TS=650 K. 
It is found experimentally that for a 150 nm thick 
platinum wire of width 5 mm, the maximum power 
per unit wire length is about 30 W/m.  
5 The three-wire configuration 
To investigate the three-wire configuration, three 
SHS (sensor-heater-sensor)-type sensors were 
designed, with wire length 1.5 mm and distance 
between the two sensor wires (2a) 100, 200, and 
300 µm. The etch depth was 100 µm; RS1=RS2=3.47 
kΩ, RH=260 Ω.  The heater voltage was adjusted 
from 0 to 6 V so that the heater power PH varied 
from 0 to 58 mW. For each value of PH, the power 
in the sensors was varied in six steps from 2 to 21 
mW. For each combination, the sensitivity and the 
signal-to-noise ratio of the three devices were 
experimentally determined in the standing wave 
tube. In Fig. 7 results are shown for several power 
ratios, calculated for the situations Ptotal=PH+2PS=30 
mW and Ptotal=21 mW. These points are compared 
to the theoretical curve (dotted line).  Considering 
the results, in the first place it can be concluded that 
the use of the SHS-configuration leads to an 
improvement of the performance of the sensor. Fig. 
7 illustrates that the optimum power ratio r≈0.85 in 
the three-wire sensor yields an approximately two 
times higher low frequency sensitivity than the ratio 
r=0, which actually represents the two-wire 
situation. Since most of the power is dissipated in 
the central heater, that does not act as a sensor, the 
two sensing wires have a relatively low temperature 
and therefore a relatively low noise level. The 
output signal, however, increases with the total 
dissipated power. Besides, in the three-wire 
configuration with a heater-sensor distance a the 
characteristic frequency is mainly determined by 
this distance a, while in the corresponding situation 
in the two-wire Microflown the characteristic 
frequency is determined by the sensor-sensor 
distance 2a. Therefore the frequency bandwidth is 
also increased by the heated wire placed between 
the two sensors. 
Comparing figures 4, 5 and 6 one sees that the 
requirement of a high low-frequency sensitivity and 
a high characteristic frequency (large bandwidth) 
may lead to conflicting conditions for the heater-
sensor distance a: for a large bandwidth a should be 
as small as possible, but if a is very small, the low-
frequency sensitivity decreases. A satisfying 
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compromise was found at a≈100 µm and PH above 
∼50 mW.  
To obtain thus a high bandwidth and an optimal 
signal-to-noise ratio, a good sensor device should 
have a three wire configuration with a distance 
a<100 µm, a large etch depth (preferably about 300 
mm) and a relative heater power of 0.85. A rather 
good performing device was made from three 
wires, with RH=7.90 kΩ and RS1=RS2=256 Ω at 
T=293 K, a=50 µm, lz=200 µm and PH=58.2 mW, 
PS2+PS1=11.5mW. The temperature of the heater, at 
this power dissipation, reaches approximately 780 
K, the sensor wire temperature is 327 K. The heater 
power can be relatively large, it is limited by the 
maximum temperature the heater can stand. 
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Fig. 6 Characteristic frequency fc of the sensitivity curve 
of a two wire device, as a function of the distance 
between the sensing wires, plotted logarithmically. The 
line shows the theoretical dependence fc∝a-2. 
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Fig. 7 Low-frequency sensitivity Sf=0 as a function of 
relative heater power r=PH/(PH+2PS) normalized to the 
sensitivity Sf=0 at r=0, according to the model calculations 
(line), and the experimentally obtained points (crosses). 
 
We found an equivalent low-frequency sensitivity 
of 1.29 mV/Pa, a sensitivity at 1 kHz of 1.22 
mV/Pa, and an estimated corner frequency of 4.3 
kHz. The sensitivity together with the noise level 
lead to the signal-to-noise ratio S/N, with S in V/Pa 
and N in V/√Hz. The inverse, N/S, represents the 
quantity ‘selfnoise’ in Pa/√Hz. Fig.8 shows the 
selfnoise levels (in dB, with a reference level of 
2·10-5 Pa/√Hz) of the device, for a sensor power 
PS2+PS1 =11.5mW, and a heater power PH =0 mW 
(upper curve), 5, 10, 20, 32, 44 and 58mW (lowest 
curve). In the frequency bandwidth of 1 to 4 kHz, 
an important audible range, the selfnoise of the 
lowest curve is seen to be 3·10-5 to 8·10-5 Pa/√Hz: 
almost 20 dB better than previous designs. 
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Fig. 8 Selfnoise levels of the best up to date three-wire 
type Microflown, a=100 µm, lz=200 µm, a sensor power 
PS2+PS1=11mW and a heater power PH=0 mW (upper 
curve), 5, 10, 20, 32, 44 and 58 mW (lowest curve).  
 
6 Conclusions 
Using a numerical model, two and three wire 
acoustic thermal flow-sensors have been geome-
trically optimized. Model and experiment showed 
good agreement and the resulting sensors are found 
to improve the frequency range to 5 kHz while 
improving significantly the signal to noise ratio. 
Well performing devices are made of three instead 
of two wires. The central wire, the heater, is heated 
up to ~780 K, while the other two wires, acting as 
sensors, are relatively cold. The sensor wires thus 
have a much lower noise level, while the output 
signal is proportional to the total dissipated power.  
These three-wire devices, with a relative heater 
power of 0.85, have a two times higher sensitivity 
than two wire sensors of the same dimensions and 
power. The optimal geometry is found to be near 
ly=1 mm, lz = 300 µm, heater-sensor distance a = 50 
µm and Ptotal= 70 mW. In the frequency bandwidth 
of 1 to 4 kHz, the selfnoise of this device is about 
3·10-5 to 8·10-5 Pa/√Hz. 
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